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ABSTRACT
In Pop III stellar models convection-induced mixing between H- and He-rich burning
layers can induce a burst of nuclear energy and thereby substantially alter the sub-
sequent evolution and nucleosynthesis in the first massive stars. We investigate H-He
shell and core interactions in 26 stellar evolution simulations with masses 15−140M,
using five sets of mixing assumptions. In 22 cases, H-He interactions induce local nu-
clear energy release in the range ∼ 109−1013.5L. The luminosities on the upper end of
this range amount to a substantial fraction of the layer’s internal energy over a convec-
tive advection timescale, indicating a dynamic stellar response that would violate 1D
stellar evolution modelling assumptions. We distinguish four types of H-He interactions
depending on the evolutionary phase and convective stability of the He-rich material.
H-burning conditions during H-He interactions give 12C/13C ratios between ≈ 1.5 to
∼ 1000 and [C/N] ratios from ≈ −1.7 to ≈ 3.2 with a correlation that agrees well
with observations of CEMP-no stars. We also explore Ca production from hot CNO
breakout and find the simulations presented here likely cannot explain the observed Ca
abundance in the most Ca-poor CEMP-no star. We describe the evolution leading to
H-He interactions, which occur during or shortly after core-contraction phases. Three
simulations without a H-He interaction are computed to Fe-core infall and a 140M
simulation becomes pair-unstable. We also discuss present modelling limitations and
the need for 3D hydrodynamic models to fully understand these stellar evolutionary
phases.
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1 INTRODUCTION
Metal-poor and CEMP (Carbon-Enhanced Metal-Poor)
(Beers & Christlieb 2005) stars provide a wealth of infor-
mation regarding the nature of early galactic chemical en-
richment. It is often supposed that the most Fe-poor of these
stars have been enriched by a single Population III (Pop III)
star (Frebel & Norris 2015). In order to replicate the abun-
dances of some of the most Fe-poor stars it has been found
that some degree of mixing between H- and He-burning lay-
ers during the stars lifetime is likely needed (e.g., Limongi
et al. 2003; Maeder & Meynet 2015), as this mixing activates
nucleosynthetic pathways otherwise closed. While such nu-
cleosynthesis appears necessary to reproduce the abundance
patterns in many Fe-poor stars, as of yet, there has been no
systematic investigation into the impact of such events on a
set of 1D Pop III stellar models.
? E-mail: oclark01@uvic.ca
1D stellar evolution simulations suggest that massive
Pop III stars may have undergone mixing events between H-
and He-burning layers. This was first described by Woosley
& Weaver (1982) for a very massive Pop III stellar model.
Marigo et al. (2001) found H-He interactions1 between H
shells and He cores but dismissed their results as physically
unsound due to the lack of coupling of mixing and burning
in their code at the time.
Heger & Woosley (2010) describe such events occurring
in a 25M model after core C depletion in a set of Pop
III massive stellar models used to produce supernova yields.
They observed the convective He-burning shell and radiative
to envelope mix. This was reported to produce large amounts
of N due to the boost in CNO at the base of the H envelope
1 Throughout this paper we refer to all events where H- and He-
rich material mix as H-He interactions rather than proton/H-
ingestion or any other name regardless of the stellar site, unless
comprehensibility demands it.
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as He-burning ashes were made available. In an 80M model
during core He burning, they found the He core encroached
upon the H shell, ultimately mixing H downward to create
N which then convected downward, producing 22Ne. They
considered these events and the nucleosynthetic by-products
as uncertain yet unavoidable.
In another set of supernova yields, Limongi & Chieffi
(2012) note that their stellar models of massive, Pop III
stars encounter interactions between H and He shells. They
report such mixing for stellar models of 25, 30 and 35M
again, typically increasing the abundance of primary N in
the H shell in addition to the high [Na/Mg] reported in a
previous work endeavouring to explain the most Fe-poor star
at the time, HE 0107-5240 (Limongi et al. 2003).
Ritter et al. (2018) encountered H-He interactions in
simulations of 1M − 25M from Z = 0.006 and Z = 0.0001
and report neutron densities from such events of log Nn ∼
11−12 resulting from the activation of the 13C(α, n)16O neu-
tron source.
It has been suggested that nucleosynthesis patterns in
some CEMP-no stars — CEMP with no overabundance of
s- or r-process elements, may be the result of a late mixing
process between H and He-layers, potentially resulting in
the variety of 12C/13C ratios observed in CEMP-no stars
(Choplin et al. 2016). In a study on the effect of rotation on
1D Pop III models, Ekstro¨m et al. (2008) reported H- and
He-mixing during core He burning for both rotating and
non-rotating models but attributed it to rotational mixing
where there was a higher frequency of the mixing event.
In the pursuit of understanding the chemical abun-
dances of some CEMP stars, the i process has been sug-
gested as a possible explanation. The i process is a neutron-
capture process with neutron densities, Nn, intermediate be-
tween those of the s and r processes. This process was orig-
inally discussed by Cowan & Rose (1977) for low-mass stars
undergoing He shell flashes and has been invoked to ex-
plain several abundance patterns more recently including
the post-AGB star V4334 Sagittarii and CEMP-r/s stars
(e.g. Herwig et al. 2011; Dardelet et al. 2014; Denissenkov
et al. 2019; Hampel et al. 2016, 2019). The i process oc-
curs in convective-reactive regimes—when mixing and nu-
cleosynthesis timescales are comparable. For this reason,
the Damho¨hler number, or Da has been used to describe
i-process conditions as it is the dimensionless ratio of the
reaction timescale relative to the mixing timescale(Herwig
et al. 2011). The i process takes when Da approaches unity.
Jones et al. (2016) studied models of super-AGB stars
of Z = 10−5 − 0.02. In these simulations the convective H-
envelope is found to burn corrosively into core He-burning
ashes after the second drege-up, similar to what has been
seen in 9M and 7M models of Garc´ıa-Berro et al. (1997)
and Herwig et al. (2012), respectively. After this corrosive
burning phase a dredge-out event occurs (see Ritossa et al.
1999; Gil-Pons et al. 2013; Doherty et al. 2014). This hap-
pens where He burning is sufficiently strong to induce con-
vection in the He shell during the second dredge-up, and the
descending H envelope and expanding He shell merge. Jones
et al. (2016) found these shell merger events, where protons
descend into the He shell reacting with C via the 12C(p, γ)13N
reaction, lead to luminosities in excess of 109 L and posit
that such an event would lead to the i process followed by
mass-ejection events.
Clarkson et al. (2018, 2019b) investigated a H-He in-
teraction in a 45M Pop III stellar model, leading to
i process conditions and compared nucleosynthesis results
with the elemental abundances of the three most Fe-poor
stars at the time, SMSS J031300.36-670839.3 (Keller et al.
2014), HE1327-2326 (Frebel et al. 2006), and HE0107-
5240 (Christlieb et al. 2004). With luminosities of 1013 L,
mixing length theory (MLT) is unable to accurately pre-
dict the resulting nucleosynthesis and therefore, exploratory
single-zone nucleosythesis calculations using temperatures
and densities found in the He shell were performed. We
found that the light-element signature—trends of high
[Na/Mg], [Mg/Al] and [Al/Si]—are naturally reproduced
by the i process. Here the odd-Z elements are made by n-
captures as well as Ca. Similar trends were also recovered in
Ti-Mn which has been seen in several other CEMP-no stars.
Nucleosynthesis in an 80M model was investigated us-
ing the same methods and predict these events can produce
elements heavier than Fe without violating observed upper
limits in CEMP-no stars (Clarkson et al. 2019a). Similar to
Jones et al. (2016), Clarkson et al. (2018) suggested that
mass-ejection events might result from H-He interactions,
not unlike the precursor events that lead to the circumstellar
material observed in Type IIn SNe or other pre-supernova
outburst events (see Smith et al. 2011). This scenario does
not include a faint supernova, as Pop III stars with masses
∼ 40 − 100M are expected to collapse into a black hole
directly with no supernova explosion (Heger et al. 2003).
Banerjee et al. (2018) also looked at mixing of H with
He shells of massive Pop III and low-Z stellar models. During
post-processing, to reproduce heavy-element abundances of
CEMP-no stars, they induce H-He interactions by injecting
protons to the top of the He shell. In doing so, they are
able to reproduce the overall heavy element abundances in
CEMP-no stars.
In low and intermediate-mass stellar models, interac-
tions between H and He layers have been studied by a mul-
titude of authors and are well documented in the literature.
These events have been found to occur in several stellar sites
for different metallicities, masses and evolutionary phases.
The He-shell flash (e.g. Fujimoto et al. 1990; Cristallo et al.
2009; Suda & Fujimoto 2010), hot dredge-up (Herwig 2004;
Goriely & Siess 2004), and thermal pulses and interpulse pe-
riods (Lugaro et al. 2012) in Pop III and low-Z AGB stars,
the He core flash (Campbell et al. 2010; Schlattl et al. 2001),
and rapidly-accreting white dwarfs (Denissenkov et al. 2019)
are all sites where H-He interactions have been found to oc-
cur.
Convective-shell interactions between other burning
shells during advanced burning stages in massive stars can
lead to unique nucleosynthesis and asymmetries in 3D hy-
drodynamic simulations possibly aiding supernova explo-
sions (Yadav et al. 2019; Andrassy et al. 2020).
In this paper we aim to explore for the first time the
parameter space for which H-He interactions occur in Pop III
stellar models to guide future 3D hydrodynamic simulations.
We begin in Section 2 by describing the methods used, in
Sections 3 and 4 we present and discuss core and shell H
burning and H-He interactions, respectively. In Section 5 we
compare our models to previous findings and discuss our
results. Conclusions are given in Section 6.
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2 METHODS AND MODELS
We calculate a grid of 26 stellar models using MESA rev.
8118 (Paxton et al. 2015). Beginning with Big Bang abun-
dances taken from Cyburt et al. (2016), we explore five ini-
tial masses and mixing assumptions with the addition of one
model with no convective boundary mixing, for 26 models
in total. We study 15, 40, 60 ,80 and 140M stellar mod-
els (Table 1). This choice of mass range reflects our current
knowledge of the Pop III initial mass function (IMF) as de-
rived from simulations (Susa et al. 2014; Stacy et al. 2012)
and spans a large enough range to explore the effects of mass
on both chemical evolution and H-He interactions.
In all MESA simulations, a custom network of 151 species
up to Ni was included. We chose this network in order to re-
alize possible proton captures from hot CNO breakout reac-
tions as reported by Keller et al. (2014) and Takahashi et al.
(2014). This network follows neutron captures no more than
one isotope off the valley of stability, and therefore, if the
i process occurs, we do not follow neutron capture processes
realistically.
There is a great amount of uncertainty in how much, if
any, mass loss would have occurred in Pop III stars (Krticˇka
& Kuba´t 2006). Here we do not include mass loss, although
we do allow small amounts of mass from the stellar surface
to be removed if the density drops below 10−12 g cm−3. This
is done to keep all computational cells within the given equa-
tion of state tables in this version of the MESA code. For the
most part, stellar surfaces do not drop to such low densities.
H-He interactions are likely affected by the choice of
mixing assumptions (Jones et al. 2016). There are many dif-
ferent prescriptions available for a variety of extra mixing
processes beyond what is included in standard MLT, and
therefore, a full survey would be impractical. To limit the
scope of our study we chose a sample of more commonly
used prescriptions for non-rotating stars.
We include either the Schwarzschild criterion or the
Ledoux criterion for convection with some amount of ad-
ditional mixing between convective layers. We employ this
additional mixing in the form of convective boundary mixing
(CBM) and/or semiconvection. CBM is intended to account
for instabilities which occur at the boundaries of convection
zones. This can include turbulent entrainment as seen in 3D
hydrodynamical simulations (Woodward et al. 2015; Meakin
& Arnett 2007), or internal gravity waves (Denissenkov &
Tout 2003; Battino et al. 2016). In this work we use the
exponential ‘overshoot’ prescription given in Herwig (2000)
and refer to this as CBM throughout the paper. For the
CBM parameter, we use either a ‘high’ value of fov = 0.01
or a ‘low’ value of 0.001 (cf. Davis et al. 2019).
Semiconvection is a secular mixing process that oc-
curs when a region within a stellar model is stable ac-
cording to the Ledoux criterion and unstable according
to the Schwarzschild criterion for convection. This over-
stable region will give rise to partial mixing as the convec-
tive velocities will be limited by the stabilizing µ gradient
(Schwarzschild & Ha¨rm 1958; Stothers 1970). For all models
using the Ledoux criterion, we include semiconvection using
the prescription of Langer et al. (1985) with an efficiency
αsemi = 0.5. This value of αsemi is within the prescribed range
(Ibid.) and is chosen to avoid the splitting of the He burning
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Figure 1. ρc − Tc diagram for schf-h models using the
Schwarzschild criterion for convection and higher value of CBM,
where mixing of material into the H core occurs during the MS
phase in models ≥ 40M. Colours indicate the logarithm of the
mass fraction of H remaining in the centre of the star. Red dots
show the point in evolution in which CNO reactions overtake p-p
chains as the dominant energy source in the center.
core which occurs if the mixing speed is much lower (see e.g.
Sukhbold & Woosley 2014).
3 HYDROGEN BURNING
3.1 Core H burning
Given their initial primordial composition, massive Pop III
stars begin H-burning via p-p chain reactions. These reac-
tions are energetically insufficient to maintain complete equi-
librium at temperatures over ≈ 1.5×107K, where CNO is the
dominant energy source above these temperatures in higher
metallicity stars. The star contracts until temperatures are
high enough (∼108 K) to initiate 3α reactions, thus produc-
ing a 12C mass fraction of ∼ 10−10—sufficient to activate
the CNO cycle (Ezer & Cameron 1971). The time it takes
for CNO to activate is inversely proportional to the initial
mass of the star, with less massive stars having more of
the main-sequence (MS) lifetime supported by p-p reactions
and more massive stars generating the C necessary to sup-
ply CNO much earlier. This can be seen in Fig. 1 where red
dots indicate the time in which CNO overcomes p-p chains
as the dominant source of nuclear energy generation in the
core. This has very important consequences for the structure
of the star. It is overall more compact and the temperature
for H-burning becomes closer to that of He-burning. This in
turn leads to a smaller temperature difference between H-
and He-burning layers than would be seen at higher metal-
licities. In Fig. 2 around 5.3Myr this manifests itself as a
smooth transition from H- to He-core burning.
In all of our simulations there are small convection zones
above the H-burning core. These small convective ‘fingers’
present early in the MS phase—as soon as the H core be-
gins receding—and descend downward during the MS (e.g.
Fig. 2 above the convetive H core). This convection is the
result of composition changes induced by the receding core
MNRAS 000, 1–17 (2020)
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Table 1. Stellar models: Run ID, maximum central temperature during the main-sequence, maximum H shell burning temperature,
main-sequence lifetime, interaction, interaction type, maximum H−number, and total change in mass coordinate of H-rich material.
Run IDa TH,core,max (108K) TH,shell,max (108K) τMS (Myrs ) H-He interaction H-He interaction typeb Hcmax ∆ M/M
15Mled 1.05 1.09 10.0 × – 9.48×10−5 0
15Mledf-h 1.05 1.06 10.19 X Rad-Shell 0.05 0.78
15Mledf-l 1.05 1.03 10.06 X Rad-Shell 0.88 0.94
15Mschf-h 1.05 1.18 10.22 X Rad-Shell 5.3×10−3 0.85
15Mschf-l 1.05 1.21 11.1 X Rad-Shell 0.11 0.91
40Mled 1.27 1.58 4.46 X Conv-Shell 0.22 1.28
40Mledf-h 1.27 1.06 4.53 X Rad-Core 8.59×10−5 2.48
40Mledf-l 1.27 1.29 4.50 X Rad-Shell 1.97×10−6 0.26
40Mschf-h 1.27 1.23 4.63 X Rad-Shell 0.35 2.80
40Mschf-l 1.27 – 5.32 X Rad-Core 0.62 2.24
60Mled 1.33 1.89 3.52 X Conv-Shell 0.28 0.40
60Mledf-h 1.33 1.44 3.56 X Rad-Shell 0.74 1.77
60Mledf-l 1.33 1.28 3.53 × – 5.9×10−4 0
60Mschf-h 1.33 – 3.69 X Conv-Core 1.3×10−3 0d
60Mschf-l 1.33 – 3.65 X Conv-Core 1.3×10−3 0d
80Mled 1.36 2.34 3.07 × – 4.05×10−4 0
80Mledf-h 1.36 2.23 3.10 X Rad-Shell 0.74 3.12
80Mledf-l 1.36 1.28 3.07 X Rad-Shell 1.82×10−6 0.39
80Mschf-h 1.36 – 3.37 X Conv-Core 0.07 35.6
80Mschf-l 1.36 1.44 3.46 X Rad-Shell 2.42e-05 0.16
140MNoMix 1.42 – 2.71 X Conv-Core 0.01 59
140Mled 1.42 2.18 2.48 × – 7.27×10−4 0
140Mledf-h 1.42 – 2.50 X Rad-Core 0.32 6.05
140Mledf-l 1.42 1.36 2.49 X Rad-Shell 1.64×10−7 1.45
140Mschf-h 1.42 – 2.76 X Conv-Core 0.01 0d
140Mschf-l 1.42 – 2.74 X Conv-Core 3.05×10−5 71.21
a Run IDs represent the mass, criterion for convection, and boundary mixing parameters used, e.g. 15Mledf-h is a 15M model with the
Ledoux criterion for convective stability with semiconvection and our larger value of CBM. See section 2 for details on the models.
b Naming used refers to either a convective (C) or radiative (R) He-rich shell or core region that the convective H shell is interacting with.
c H as defined in Eq. (2).
d See Section 4 for a description of 60Msch- and 140Mschf-h interactions.
which ultimately produces a staircaising effect on the com-
position profiles and we find there is a small amount of p-p
chain burning activity in these regions; the former has been
reported by Heger et al. (2000), and the same convective
behaviour was shown and briefly discussed in Hirschi et al.
(2004).
In simulations with masses ≥ 40M, these convective
fingers penetrate into the receding H core, injecting fresh
hydrogen fuel from above. They are found in Fig. 2, above
the H core, and in all other Kippenhahn diagrams presented
in this work. The most extreme examples found in our sim-
ulations are those with greater CBM and without the reg-
ulating effects of semiconvection—the -schf-h cases. This
phenomenon can be seen in Fig. 1 for all masses ≥ 40M
near the minimum ρc −Tc value on the MS. In the 40Msch-f
model, within the span of ≈ 30, 000 yr the mass fraction of H
increases from 0.05 to 0.17 and the convective core expands
both in mass and radial coordinates. 30,000 yr later, more
mixing occurs and XH increases to 0.25, further extending
the MS lifetime, which can be seen at t ≈ 4.3Myr in Fig. 2.
This also causes a sudden increase in the luminosity. Sim-
ilar behaviour was described by Farmer et al. (2016) for a
solar metallicity model with an initial mass of 30M using
MESA. They found that this event appeared when using a high
mass resolution but not their adopted low-resolution. Their
adopted high and low mass resolutions for this portion of
the study are ∆M = 0.01 and 0.02M per cell, respectively,
and also include models with a maximum mass resolution of
0.005M per cell. For comparison, our mean mass resolution
on the MS of the 40Msch-f model is 0.008 M per cell.
While overshoot itself will supply fresh H and increase
the overall MS lifetime, the drastic H-mixing events in the
models presented here can lead to MS lifteimes up to 20%
longer relative to simulations of the same mass without them
(see Table 1). This is greater than the ≈ 5% increase reported
by Farmer et al. (2016) which may be due to the difference
in our maximum CBM parameter of 0.01 and their value
of 0.001. Moreover, in our simulations the convective fingers
above the H core are present in most models using CBM
but is less extreme when semiconvection and the Ledoux
criterion are used. These relevant physics models are used
by Farmer et al. (2016) in all simulations. This mixing is
not apparent in any of the 15M models. While including
Ledoux and semiconvection at this evolutionary stage ap-
pears more physical, we do not find there to be any impact
from these dramatic mixing events on the MS, and the be-
haviour of later H-He interactions.
A comparison of the 15Mschf-h and 40Mschf-h mod-
els indicates that this mixing on the MS may be related to
the overall compactness, temperature gradients above the H
cores and the associated nuclear feedback. More specifically,
a 15M Pop III star has lower central temperatures than its
more massive counterparts, and thus, more time on the MS
spent in p-p chain burning (17% vs 0%) and lower energy
MNRAS 000, 1–17 (2020)
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Figure 2. Kippenhahn diagram of the MS and beginning of He-
burning in the 40Mschf-h model with the Schwarzschild criterion
for convection and fov = 0.01. MS mixing event can be seen at
t ≈ 4.4Myr. Gray areas indicate convection and blue contours
show specific energy generation.
generation from CNO reactions. Simultaneously, the 15M
simulation has nearly 2 times higher core and overall densi-
ties during the MS. Overall, the 15Mschf-h model is a more
compact star with steeper entropy gradients which may act
to inhibit the mixing on the MS seen in higher mass models.
3.2 Shell H-burning
H-burning products that will carry over to subsequent stellar
generations are produced primarily in H-burning shells. In
Pop III stars, H-burning shells tend to be hotter than in
their higher metallicity counterparts for reasons presented
in Section 3.1. All simulations presented in this work have
convective H-burning shells for at least a portion of the post
He-core burning phase.
Table 1 lists the maximum H-shell burning tempera-
tures found in our grid of models. This is the maximum
temperature at the lowest mass coordinate where the H mass
fraction is at least 10−4. If there is a H-He interaction, the
maximum H-burning temperature reflects how far into the
He shell the H-rich material descends by the end of the sim-
ulation. This distance the H-burning shell has advanced into
the He-rich region, ∆M/M, is also reported in the final col-
umn of Table 1.
In simulations over 15M, the H-shell temperature in-
creases over time. The 15Mled and 15Mledf-l runs all have
the maximum temperature at the beginning of H-burning
and decrease on the order of 107 K by the end of the sim-
ulation. Otherwise, the maximum temperatures are found
either at the end of the simulation in those that do not have
an H-He interaction, or during a H-He interaction. For the
140Mled run, the maximum temperature of the H shell is
measured prior to encountering the pair instability, as is de-
scribed below in Section 4.5.
H-He interactions can have significant effects on the
physical conditions and nucleosynthesis within H-burning
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Figure 3. Mass fractions of the most abundant species for the
final model of the 80Mled case with the Ledoux criterion and
semiconvection.
shells. The details of the nucleosynthesis are described in
Section 4 and Section 4.6.
3.3 Hot CNO
The activity of hot CNO cycling, and possible breakout
therefrom, may have important implications for the abun-
dances found in the second generation of stars. Core- and
shell-H burning conditions can be investigated relating to
CNO breakout in the four models that do not experience a
H-He interactions.
The first hot CNO cycle occurs when protons preferen-
tially capture on the 13N nucleus before it can decay into 13C,
which begins at temperatures of ∼ 1× 108 K (Wiescher et al.
2010) for sufficiently high densities. This leads to the bypass
of the 13N β+ decay, and energy generation is controlled by
the β+ decays of 14O and 15O, the slowest reactions in the
cycle. During core contraction on the MS in each of our four
simulations without a H-He interaction, the conditions be-
come hot and dense enough such that hot CNO conditions
are temporarily met. This is indicated by the production
of 14O from the 13N(p, γ) reaction, with a lifetime, τp, that
becomes shorter than the beta decay lifetime. Hot CNO con-
ditions last for ∼ 1% of the total MS lifetime and < 1 yr at
most during H-shell burning in our simulations. Therefore,
cold CNO dominates over hot CNO for both core and shell
H burning in the 15Mled, 80Mled, 140Mled, and 60Mled-l
simulations.
In our all MESA simulations we find that small amounts
of elements with charge Z ≥ 10 are produced during H burn-
ing. The greatest of these is Ca, owing to its doubly magic
nature, with an average mass fraction of no greater than
about 10−12 in the H-rich envelope. 98% of the Ca in the
H-burning shell in the four simulations we examine is pro-
duced during the MS. Table 1 shows our highest H-burning
temperature is found in the 80Mled model where the peak
temperature is reached during the last day of simulation
time. Fig. 3 shows the most abundant elements and Ca for
the final time step.
Hot CNO breakout reactions are reported by Keller
et al. (2014); Nordlander et al. (2017) and Takahashi et al.
(2014) as the production site for the Ca in Pop III stellar
evolution models. Those yields have been used to match the
MNRAS 000, 1–17 (2020)
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Table 2. Single-zone calculation parameters.
Description T (108K) ρ (g cm−3)
80Mled H-core average 1.19 39.8
80Mled H-core maximum 1.36 65
80Mled H-shell maximum 2.34 1.77
abundances observed in Ultra Metal-Poor Cemp-no stars.
Clarkson et al. (2018) found that the i process was the pri-
mary source for Ca in their simulations.
To determine the sequence of breakout reactions and
reactions leading to the production of Ca, we have run three
constant temperature and density single-zone calculations
using the PPN code (Pignatari et al. 2016). These calcula-
tions use the same network as described in Clarkson et al.
(2018) but are run with the time-weighted average temper-
ature for core H burning, maximum temperature for core
H burning, maximum temperature for H-shell burning, and
corresponding densities. The temperature and densities used
are given in Table 2.
For both of the core H burning PPN runs,
we find that the small amount of break-
out that occurs, flows primarily through the
16O(p, γ)17F(β+ν)17O(p, γ)18F(β+ν)18O(p, γ)19F(p, γ)20Ne
with a small contribution from proton captures and sub-
sequent decays on 17F and 18F. Here it should be noted
that the flux, dYi/dt, of the 18F(p, α)15O, 18O(p, α)15N and
17O(p, α)14N reactions are ≈ 10 − 4, 000 times greater than
competing breakout reactions and decays under these condi-
tions. More importantly, the flux through the 19F(p, α)16O is
≈ 5, 500 times greater than through the competing 19F(p, γ)
channel, keeping most material within the CNO. For the
small amount of material that can make it past F, proton
captures and decays along the valley of stability lead to a
small production of Ca.
Investigating the maximum H-shell temperatures from
our 80Mled simulation, we find a somewhat different story.
In addition to the aforementioned reactions, 15O(α, γ)19Ne
occurs at these temperatures, although the competing flux
through the decay of 15O is ∼ 107 times greater, making it’s
contribution completely negligible. As in the prervious two
simulations described, material passes through 17F(β+ν) and
18F(p, γ)19Ne, but at these higher temperatures, some is able
to bypass 19F when decays and proton captures lead this flow
to 21Ne and 23Na. The fluxes through breakout reactions we
have discussed are in the range ∼ ×10−23−×10−18s−1. Any oc-
curring hot CNO breakout during shell H-burning has little
impact on the Ca abundance due to the limited time prior
to collapse. Takahashi et al. (2014) reported temperatures
over 4.5 × 108 K leading to hot CNO breakout in a 140M
simulation during shell H burning. We cannot confirm this
result as the single 140M simulation we have without a
H-He interaction, the 140Mled case, becomes pair-unstable.
The maximum temperature in the H shell before the insta-
bility occurs is 2.18 × 108 K.
To determine wether this Ca production can explain
the Ca abundances the most Fe-poor stars, we compare the
[Ca/H] value of -6.94 given in Nordlander et al. (2017) for the
most Ca-poor star currently known, SMSS 0313-6708 (Keller
et al. 2014) with calculated values from MESA simulations
presented here. Performing a simple calculation, we use solar
abundances from Asplund et al. (2009) and assume a faint
supernova. We calculate abundances using:
Xtotal =
∫ B
0 Xdm∫ B
0 dm
(1)
Where X is the mass fraction of a given isotope, 0 is
the surface of the star and B base of the H envelope. We do
not include nucleosynthetic contribution from the explosion
or any subsequent mixing. We also do not include any di-
lution from the ISM and therefore, represent the maximum
[Ca/H] value that can be obtained by these simulations given
the aforementioned assumptions. We find [Ca/H] values of
-7.92, -7.72 and -8.91 for the final models of our 80Mled,
60Mledf-l and 15Mled simulations, respectively. Therefore,
the observed Ca abundance is between ∼ 0.8 and nearly 2 dex
larger than the largest amount of Ca made by hydrostatic
H burning in these models.
If the branching ratio for 19F(p, γ)/19F(p, α) were a factor
of 10 higher, this would help relieve the tension. In our PPN
simulation using the maximum shell temperature from the
80Mled model, increasing the 19F(p, α) rate by a factor of 10
results in an increase in the Ca abundance of 1 dex. Though
recent measurements of the 19F(p, α) rate Lombardo et al.
(2019) and investigations into 19F(p, γ) Couture et al. (2008),
which have not been adopted in this work, both suggest a
lower branching ratio than used in this work by at least a
factor of 10.
4 H-HE INTERACTIONS
We investigate the occurrence and behaviour of convective
H-He interactions in our stellar evolution models. Table 1
lists which type of interaction occurs in each simulation. 22
out of 26 simulations have H-He interactions. In all cases the
H-burning layers are convective. The H-burning convective
shell can interact either with core or shell He burning. The
He-burning core or shell can be either radiative (Rad) or
convective (Conv). In our simulations we find examples of
all of these four combinations, which we label Rad-Shell
for H-shell material mixing with a radiative He-shell, Conv-
Shell for a convective He-shell, and likewise Rad-Core and
Conv-Core for H-rich material interactions with the radiative
region above the He-burning core or with the convective core
itself, respectively.
We define H-He interactions as a region where XH in-
creases rapidly (over several time-steps) to > 10−4 due to
mixing over any radial portion of a He-rich layer. This choice
is made to properly recover H-He interaction properties.
When protons are being mixed into convective He layers
they are transported downward and able to react with the
ashes of the He-rich fluid. For example, in the 80Mscf-h case,
described in Section 4.4, where protons are mixed into a
convective He core, energy generation from CNO reactions
dominates over that from triple-α reactions by several or-
ders of magnitude if the H mass fraction is at least > 10−4.
Therefore, we use this value for consistency in all calcula-
tions and measurements requiring the location of the ‘base’
of the H-rich material.
We describe the evolution of four models in detail, one
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for each mode listed in Table 1, and briefly describe other
simulations of note. In order to gain insight into the energetic
feedback from nuclear reactions during a H-He interaction,
we adopt the H number as given in Jones et al. (2016) defined
as:
H = nucτconv/Eint (2)
This number is an estimate of the energy being de-
posited into the flow from nuclear reactions relative to the
internal energy. The convective advection timescale, τconv, is
the shortest timescale over which energy can be transported
by convection. This is calculated as the pressure scale height
at the base of the convective H-rich layer divided by the
maximum local convective velocity. This is then comapred
to the local internal energy, Eint. For a general equation of
state, φEint = −Eg. For the case of an ideal gas φ = 2, and
for a photon gas φ = 1. As with most massive stars, massive
Pop III stars have a non-negligible radiation contribution to
their equation of state. In the absence of other considera-
tions, this shows that it becomes increasingly easy to un-
bind material with an increasing contribution of radiation
to the total pressure. Therefore, the H number can be inter-
preted as an indication of how far from hydrostatic equilib-
rium the simulation is. It should be noted that when these
numbers are calculated, many models have already violate
the assumptions of MLT, and H numbers are to be taken as
instructive.
When H-He interactions begin, time steps rapidly de-
crease and the simulations fail to converge. Up to this
point, the models describe the sequence of events leading
up to these interactions. We do not include any ‘stellar en-
gineering’ parameter modifications to continue the evolution
through the violent phases, as in most cases the assumptions
of 1D stellar evolution are no longer appropriate, for exam-
ple in the case of high H number.
To determine whether convective-shell interactions were
caused, as opposed to influenced, by any type of bound-
ary mixing we ran one simulation, 140MNoMix, that uses the
strict Schwarzchild criterion. Also in this case a Conv-Core
interaction is observed.
Some commonalities can be found in these simulations
not specific to any of the cases described below. For exam-
ple, H-He interactions are initiated during core contraction
phases from the beginning of core He burning to the onset
of core O-burning. We also find that H always moves down-
ward first, but in many simulations C and other He-burning
products move upward into the H shell as well. This can
boost mass fractions of CNO elements, having implications
for the distribution of observed 12C/13C ratios in second gen-
eration stars (Choplin et al. 2017). Energy generation and
the H number tend to depend on the amount of He burning
that has occurred in the He-rich layer, as this dictates the
12C abundance which interacts with the protons from the
H-shell.
4.1 Convective H shell and radiative He shell
Rad-Shell interactions take place in nearly half of the mod-
els presented in this work. This interaction type takes place
sometime after core He-burning and in it, a convective H-
burning shell descends downward into a previously H-free
Figure 4. Kippenhahn diagram of the total calculated evolution
of the 15Mschf-h Rad-Shell case, using the Schwarzschild crite-
rion for convection and fov = 0.01. Colours are the same as in
Fig. 2. The red line indicates the beginning of the H-He inter-
action and the black dotted line indicates where the profiles in
Fig. 5 are taken.
radiative He burning shell. Notably, this interaction type is
only seen in models with CBM included.
We use the 15Mschf-h simulation as a representative
case for this type of interaction. Fig. 4 shows the total evo-
lution of the simulation until ∼ 5min before the simulation
ends. As with all the 15M simulations, convective mixing
into the H core, as described in Section 3, does not occur
on the MS. At the end of core He burning the inner regions
of the star contract to initiate core C burning, creating a
convective H shell atop a radiative He shell. As the H shell
begins developing, several small, convectively unstable re-
gions merge, spanning over 1M in Lagrangian space. As
this happens, the He shell temperature increases and en-
ergy generation from triple-α reactions causes the region to
expand and push toward the H-burning convection zone. Si-
multaneously, over the course of ≈ 2 × 104 yr the H shell
descends inward until it reaches the top of the previously
H-free core (at log(t − tend) ≈ 3.5 in Fig. 4). Small amounts
of protons begin to mix at the top of the expanding He shell
due to CBM, and C and O are mixed upwards into the H-
shell. Abundances of 12,13C, 13,14N and16O increase in mass
fraction by about 1 dex within 1000 yrs. The addition of cat-
alysts to the H-rich material creates non-equilibrium CNO
abundances which are nearly restored within 6mo. This up-
set and partial restoration to equilibrium continues for the
8 yr duration of the simulation as new 12C is introduced to
the H-rich material. Fig. 52 also shows that within about
5 yr, much of the 12C which was mixed into the H shell has
been converted to 14N, and this 14N is also mixing down into
the He shell. Elements heavier than O are not produced in
the H-burning layer at mass fractions > 10−12. With both
values of CBM this interaction type happens in 15M simu-
2 Note that grey regions in all panel plots of this type throughout
this paper show the approximate location of convection zones.
Once a H-He interaction has begun, convectve regions as reported
by MESA often break up into many small, frayed zones. Therefore,
we take the innermost and outermost points of the largest zones.
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Figure 5. 15Mschf-h as an example of an Rad-Shell He interaction. Top left: Total specific energy generation and that from CNO, p-p
and tri-α reaction groups. Top right: Mass fractions of several abundant species. Bottom left: Temperature, mean molecular weight
and density profiles. Bottom right: Specific entropy. Profiles taken ≈ 5 yr after H-He interaction begins, times for which are indicated
in Fig. 4 as black dashed and solid red lines, respectively. Grey areas show regions unstable to convection.
lations using both convection criteria. H-He interaction does
not occur for this mass in models without any CBM. For
a timespan of 600 yr, ingression of the proton rich mate-
rial into the previously H-depleted radiative layer reaches
down 0.06M. This creates a small shelf in the entropy pro-
file likely due to the change in mean molecular weight and
CNO energy generation, as can be seen in the early stages
at a M/M ≈ 3.5 in Fig. 5. The convective H-rich material
then penetrates downward in mass coordinate to 3.34M
and then 3.3M within 3.2 yr before the simulation stops.
In this time, the specific energy generation from CNO in
the region has increased from ∼ 106 erg g−1 s−1 prior to the
event to 108.6 erg g−1 s−1 at the final model.
Also of note is the 40Mschf-h case presented in Sec-
tion 3.1. In this simulation, unlike the 15Mschf-h case and
most others of this type, the H-rich material eventually pen-
etrates all the way to the bottom of the radiative He shell
releasing large amounts of energy, as indicated by the max-
imum H number of 0.35 listed in Table 1 and nuc contours
in Fig. 6. The H-shell boundary moves from a mass coor-
dinate of 18.5M to 17M over a time span of 502 yr at
which point the energy generation at the base of the H shell
is ∼ 109erg g−1 s−1 and the 12C abundance is X12C = 10−4.6.
Within another 35 yr, the H-shell boundary moves downward
another 0.3M where the mass fraction of 12C abundance
is now X12C = 0.31 and the specific energy generation has
increased to ∼ 1013erg g−1 s−1. In this case, the temperature
is 1.1 × 108 K at the maximum H-penetration point.
Figure 6. Zoomed-in Kippenhahn diagram of H-He interaction
in the 40schf-h Rad-Shell case which includes the Schwarzschild
criterion for convection and fov = 0.01. Colours are the same as in
Fig. 2. The convective region is H-rich and the orange line shows
the He-free core boundary.
Table 1 shows that H can vary dramatically between
simulations with Rad-Shell interactions. The primary dif-
ference in the simulations which have lower vs higher values
of H seems to be the abundance of 12C in the He shell the
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hydrogen is able to interact with. In the 15Mschf-f model
the mass fractions of 12C and protons where they meet are
X1H ≈ 3 × 10−3 and X12C ≈ 2 × 10−6. If H only penetrates the
upper layers of a radiative He shell, one does not expect as
great of energy generation as when it reaches the bottom of
the shell, where C is in much greater abundances, such as in
the 40Mschf-h case.
The Rad-Shell interaction type bears similarity to
dredge up events seen in AGB and super-AGB stars. Herwig
(2004) showed that in models with assumed CBM, protons
mixing inward and reacting with 12C causes the peak en-
ergy generation to be below the convective boundary, and
ultimately leads to corrosive penetration into the radiative
core. This same effect is shown in Fig. 5 and occurs in all our
Rad-Shell interactions. Jones et al. (2016) (and references
therein) show that not applying CBM at the lower boundary
of the convection zone still results in a dredge-out episode
and that CBM can lead to inward corrosive burning.
4.2 Convective H shell and convective He shell
The 40Mled and 60Mled simulations undergo an interaction
between a convective H-burning shell and convective He-
burning shell. In both, the H-He interaction occurs as carbon
is exhausted in the core. This is the same mode of interac-
tion reported in Clarkson et al. (2018) for a 45M model. For
this type of H-He interaction the 40Mled model is used as
a representative example and the overall evolution is shown
in Fig. 7. After core He-burning, the inner regions of the
star contract, igniting a convective He burning shell and
the core begins burning C. As this happens, the H-burning
shell is temporary halted in its downward descent by the
expansion of the He-burning shell below. 3000 yr after the
He-burning shell becomes convective, a small portion of the
convective He shell splits. This splitting can be seen in Fig. 8
at M/M ∼ 14.2. A similar small convection zone is located
at the base of the H-shell. It is uncertain at this time whether
such splitting of convection zones is simply an artefact of 1D
mixing assumptions or if similar features may be recovered in
3D hydrodynamic simulations. Approximately three weeks
after this split forms, H-burning shell material begins mixing
into the radiative layer separating the two convection zones,
or intershell region, as indicated by the increase in nuclear
energy generation at the base of the H shell along with an
increase in the abundances of 1H, 13C and 13N in the inter-
shell, and later at the top of the He shell. In this case, H
is initially ingested into the intershell region and 7 yr later,
He-burning products mix upward into the H shell as well,
indicated by an increase in CNO nucleosynthetic products
seen in the top right panel of Fig. 9. After only 12.6min after
the event begins energy generation rate from CNO reactions
has increased to log CNO = 11.6. At later times protons have
to some extent mixed through much of the He shell.
After the initial interaction, small entropy steps within
the intershell mix, leaving a new, ever descending barrier for
the remainder of the simulation, which is 5.6 hr. In the bot-
tom right panel of Fig. 9, this entropy barrier can be seen in
addition to the fact that this barrier is not preventing mixing
between the H and He-rich layers. The peak specific energy
generation in the H-He interaction is log CNO = 13.25.
This interaction type is among the more energetic which
can be seen in the maximum H numbers reported in Ta-
Figure 7. Kippenhahn diagram of the total calculated evolution
of the 40Mled Conv-Shell case, using the Ledoux criterion for
convection and αsemi = 0.5. Colours are the same as in Fig. 2. The
red line indicates the beginning of the H-He interaction and the
black dotted line indicates where the profiles in Fig. 9 are taken.
Figure 8. Zoomed-in Kippenhahn diagram of H-He interaction
in the 40M Conv-Shell case with the Ledoux criterion for con-
vection and semiconvection included (40Mled). Colours are the
same as in Fig. 2. The red line indicates the beginning of the
H-He interaction and the black dotted line indicates where the
profiles in Fig. 9 are taken.
ble 1, 0.22 and 0.28. The high energy generation is the con-
sequence of protons being convectively mixed into the He
burning shell, rather than a slow corrosive type burn as seen
in Rad-Shell models where H-rich material encroaches into
a radiative He-burning layer. The presence of convection in
the He shell leads to a higher C abundance at the top of the
shell, as compared to a radiative He shell, and causes the
downward mixing of protons to higher temperatures. Both
of these factors lead to a convective-reactive environment
where the 12C(p, γ)13N(β+ν)13C(α, n)16O reaction chain takes
places, creating the i-process conditions. In the simulations
presented here, neutron captures are not fully followed, but
the maximum Nn in this model is log(Nn) = 12.3. We report
this value although it is highly uncertain. The uncertainty
comes from the treatment of convective mixing in 1D and our
nucleosynthesis network lacking in neutron capture reactions
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Figure 9. Profiles for the Conv-Shell interaction 40Mled model with the Ledoux criterion for convection and semiconvecton included.
Top left: Total specific energy generation and that from CNO, p-p and tri-α reaction groups. Top right: Mass fractions of several
abundant species. Bottom left: Temperature, mean molecular weight and density profiles. Bottom right: Specific entropy. Profiles
taken ≈ 5 yr after H-He interaction begins, times for which are indicated in Fig. 4 as black dashed and solid red lines, respectively. Profiles
shown are 40min after the H-He interaction begins in the 40Mled case where a convective H shell and convective He shell mix. Grey areas
show regions unstable to convection.
more than one isotope off the valley of stability. During this
H-He interaction, both convection zones break into many
smaller zones, causing a great amount of uncertainty in the
reported convective velocities. Using a 2-stream advection
scheme based on 3D hydrodynamic simulations, Stephens
et al. (2020) demonstrated that the entrainment rate of H
into the He shell will determine the neutron density for the
i process in the case of rapidly accreting white dwarfs, there-
fore we report a number only indicative of what the neutron
density might be.
4.3 Convective H shell and radiative layber above
He core
This interaction type occurs in 3/26 simulations and is char-
acterized by H-rich material entering the radiative layer
above the convective He-burning core in the later stages
of core He-burning. While similar, this differs from Conv-
Core interactions in that it occurs at a later evolution-
ary phase and the H-rich material never enters the convec-
tive core. Similar to the Rad-Shell models, it occurs only
in models with CBM. The 140Mledf-h simulation, which
used the Ledoux criterion for convective stability, semicon-
vection and our higher value of CBM is described for this
case and the overall evolution is shown in Fig. 10. During
core He-burning, a small H-burning convection zone, as de-
scribed in Section 3.1, descends downward over the course
of 1.8× 105 yr. Once the two regions come into contact, pro-
tons mix into the radiative upper portion of the He core.
In this simulation, energy generation from CNO increases
up to log CNO = 12.5. Shortly thereafter, core convection
ceases which can be seen in that last hour of the simulation
in Fig. 10. The ceasing of core convection is seen in all three
Rad-Core interactions. In this simulation, protons descend
to the top of the previously convective He-core. Convection
in the H shell brings He-burning ashes upward. The intro-
duction of large amounts of C and O into the H shell from
the He shell pushes the CNO cycle out of equilibrium. We
do not see a return to CNO equilibrium for the duration of
the simulation. A similar chain of events takes place in the
40Mschf-l simulation although in the 40ledf-h simulation,
the H shell never descends low enough to bring up mate-
rial from the previously convective core. In the 140Mledf-h
simulation, the upward mixing of He-core material triggers
Ne-Na and Mg-Al cycles in the mixing region. Evidence for
this can be seen in the top left panel of Fig. 11 showing
nuclear energy generation from reactions involving Na, Ne
and Mg and the top right panel shows this mixing and nu-
cleosynthesis 54 min after the event has begun. 22Na has a
half-life of 2 yr and is being produced in-situ in the convec-
tive mixing region. Based on elemental ratios for the region
at the end of the simulation, this nucleosynthesis does not
remove the odd-even effect as is observed in some of the
most iron-poor stars (e.g. HE1327-2326 and HE0107-5240)
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Figure 10. Kippenhahn diagram of the 140M Rad-Core case
with the Schwarzschild criterion for convection and fov = 0.01
(140Mledf-h) case. Colours are the same as in Fig. 2. The red
line indicates the beginning of the H-He interaction and the black
dotted line indicates where the profiles in Fig. 9 are taken.
but may somewhat lessen it. It is also interesting to note
that if such an interaction were to occur and the core were
to remain convective, the i process may be effectively trig-
gered, although 3D hydrodynamic investigations are needed
to confirm this. In Maeder & Meynet (2015); Choplin et al.
(2017) Ne-Na and Mg-Al cycles are discussed in massive
Pop III and low-Z stars as being a result of rotational mix-
ing processes. Our simulations show that convection-induced
mixing processes may lead to similar nucleosynthesis. Over-
all, further investigation is required to properly understand
the full nucleosynthetic outcome in such scenarios.
4.4 Convective H shell and convective He core
There is also the case of H-He interactions where the H-rich
material enters the convective He-burning core, which comes
in second for frequency in 5/26 cases. All of these occur in
simulations with M ≥ 60M using the Schwarzchild criterion
for convection including CBM. We describe the 80Mschf-h
case, though all cases displaying interaction between a con-
vective H-burning shell and convective He-burning core be-
gin in a similar fashion. At the beginning core He-burning,
the H-burning layer above the core shows little convection, as
seen in Fig. 12, although it is near the threshold for convec-
tive instability. Core He-burning proceeds for 1.5×103 yr, the
H-shell becomes convective and then within 40 yr, H-burning
material enters into the H-free core. In this case, and in oth-
ers of this class, there is no distinct entropy barrier formed
(Fig. 13) as the H-rich material enters into the H-free re-
gion. Rather, the existing barrier at the top of the He core
is gradually smoothed, with small entropy steps forming in
the previously radiative intershell.
All interactions of this type occur at the beginning of
core He-burning meaning that there is little C in the core
at this point, from X12C ∼ 10−6 − 10−3—levels too low for
the i process to play an important role in such interactions.
In Table 1 it can be seen that the 60Msch- and 140Msch-f
cases show no change in mass coordinate for the interaction.
In the aforementioned simulations, the H shell and He core
merge completely and the value of ∆ M/M = 0 in Table 1
is a reflection of our measurement choices, i.e we measure
the mass change during an interaction by the innermost grid
point in the H-He interaction region where the mass fraction
of H is at least 10−4. In the 60Msch- and 140Msch-f models,
the H abundance never drops below 10−4 at the end of core
H burning, resulting in 0 change.
The weak s-process has been reported in the literature
to happen in massive stars of both solar and low metallicity
as the result of rotational mixing carrying 14N from the H
shell into the He core where α captures will transform it to
22Ne thus providing for the 22Ne(α, n)25Mg neutron source
(Pignatari et al. 2008; Hirschi et al. 2008). This is controlled
by relatively slow mixing and burning—quite different from
what occurs in our C core interactions. In the 80Mschf-h
case we see no evidence of significant upward mixing of C
and O before the mixing event as is reported in Frischknecht
et al. (2016). The 80Mschf-h simulation has a peak neutron
density after the interaction of log Nn ∼ 11. It may be that
lower 12C mass fractions can lead to s-process neutron cap-
ture nucleosynthesis but further studies must be conducted
to confirm this.
4.5 No H-He interaction
The four simulations that do not undergo any kind of H-
He interaction are 15Mled, 80Mled, 140Mled simulations,
and the 60Mledf-l simulations. The first three of these
cases have semiconvection with no CBM included, and the
60Mledf-l simulation has semiconvection plus the lower
of our chosen CBM values. Additionally, they all use the
Ledoux criterion for convection which includes the stabiliz-
ing effect of the gradient in µ. Clearly this is not always
sufficient in preventing a H-He interaction, because the 40-
and 60Mled, and all other than the 60M -led-l simula-
tions do experience some kind of H-He interaction. These
cases are run until the point of Fe-core infall, except for the
140Mled. As mentioned in Section 3.2, the 140Mled simula-
tion becomes pair unstable. Fig. 14 shows an example of the
15Mled simulation which has no H-He interaction during its
evolution.
Zero-metallicity stars of ∼ 140M likely end their lives
as pair instability supernova (Heger et al. 2003). For the
140Mled stellar model, all analysis in this work is reported
for times before the onset of core O-burning, when the star
becomes pair unstable. The adiabatic index, Γ1 falls below
4/3 in the C-shell leading up to core O-burning, in an off-
centre manner with central temperatures rising to over 3 ×
109 K. Additionally, the condition that He core masses '
60M should explode as pair instability supernova (Woosley
et al. 2002; Langer 2012, and references therein) agrees with
our result as this model has a He core mass of ≈ 64M.
From the onset of the instability (dynamic phase) we do
not include subsequent evolution in our analysis. For the
140Mled model, Table 1 only displays H-shell temperatures
to the onset of the instability.
4.6 C and N ratios
As described in the preceding subsections, H-He interac-
tions have a variety of effects on the nucleosynthesis that
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Figure 11. Profiles for the Rad-Core He interaction 140Mledf-h Rad-Core case, with the Ledoux criterion for convection, αsemi = 0.5,
and fov = 0.01. Profile time corresponds to the black line in Fig. 10. Top left: Total specific energy generation and that from CNO, p-p
and tri-α, Na, Mg and Ne burning reaction groups. Top right: Mass fractions of several abundant species. Bottom left: Temperature,
mean molecular weight and density profiles. Bottom right: Specific entropy. Profiles taken 54min after the H-He interaction begins,
times for which are indicated in Fig. 10 as black dashed and solid red lines, respectively. Grey areas show regions unstable to convection.
Figure 12. Kippenhahn diagram of the 80M Conv-Core case
with the Schwarzschild criterion for convection and fov = 0.01
(80Mschf-h). The red line indicates the beginning of the H-He
interaction and the black dotted line indicates where the profiles
in Fig. 13 are taken. Colours are the same as in Fig. 2.
takes place within the H-He region ranging from moderate
to large increase in CNO cycle activity resulting either from
downward mixing of protons such that the 12C(p, γ)13N is
triggered effectively, the upward mixing of CNO catalysts
boosting the overall CNO activity, or a combination thereof.
In Clarkson et al. (2018) we suggest that with a high
H number, it may be possible to eject material from the
H-He interaction region prior to the star’s death. In this
section we use the same assumption to demonstrate CNO
ratios from H-He interactions. Despite the different physical
assumption, our integration procedure is the same as one
would employ assuming a faint supernova with no mixing or
nucleosynthetic contribution from the shock (c.f., Takahashi
et al. (2014); Choplin et al. (2017)). This is the same cal-
culation used in Section 3.3, using Equation 1. Here, due to
the uncertainties in the duration of a H-He interaction, we
measure the abundances at different times throughout the
interaction, not just at the end of the simulation.
Fig. 15 shows the range of 12C/13C and [C/N] values in
simulations explained in Section 4 with the addition of the
60Mledf-l and 80Mled simulations. The latter two are shown
as examples of the C and N ratios that would result from a
faint supernova with no mixing or explosive nucleosynthesis
in simulations with no H-He interaction for comparison. We
also show the high H number 40Mschf-h and 80Mledf-h
simulations.
During a H-He interaction, timesteps can vary by many
orders of magnitude and each interaction has a unique du-
ration in physical time. Therefore, to sample the C and N
abundances during a H-He interaction, we use a linear spac-
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Figure 13. Profiles for the 80Mschf-h Conv-Core case, with the Schwarzschild criterion for convection and fov = 0.01. Top left: Total
specific energy generation and that from CNO, p-p and tri-α reaction groups. Top right: Mass fractions of several abundant species.
Bottom left: Temperature, mean molecular weight and density profiles. Bottom right: Specific entropy. Quantities are shown 1.75 hrs
after the H-He interaction begins, the time and mass coordinates for which is indicated in Fig. 12 as a dashed black line. Grey areas
show regions unstable to convection.
Figure 14. Kippenhahn diagram of the 15M case with the
Ledoux criterion for convection, and semiconvective mixing in-
cluded (15Mled) where no H-He interaction takes place during
the evolution. Colours are the same as in Fig. 2.
ing in time steps, of 10 points from just before the H-He
interaction begins to when there is ∼ 5 min of simulation
time left, as we do not expect any significant changes in
the abundances on timescales smaller. We calculate CNO
abundances for two different cutoff assumptions. The pink
and yellow points in Fig. 15 are calculated from innermost
point where the mass fraction of protons in the H-He layer is
104, at the typical region of maximum energy generation. In
green and blue points have been sampled somewhat deeper,
where the proton mass fraction is 10−8. We assume the ma-
terial taking part in the interaction becomes unbound. The
point where the simulations end in this work does not nec-
essarily represent when the event would stop in reality. This
is when the 1D calculations are no longer able to continue
and suggests the transition to dynamic, 3D behaviour.
Therefore, Fig. 15 displays the range of possible C and N
ratios during such an event. For the 60Mledf-l and 80Mled
simulations we apply the same procedure but from the end
of core He-burning. For the 60Mledf-l simulation, no point
can match the observations because the H envelope mate-
rial remains in CNO equilibrium. The 80Mled simulation
experiences hot CNO cycling in the final stages of it’s evo-
lution and initially has similar CNO equilibrium ratios as
many of the other models. Later, the [C/N] ratio increases
by almost 2 dex due to hot CNO cycling. The 12C/13C ra-
tios make H-burning conditions in this model incompatible
with the observations. This may be partially alleviated by
the inclusion of He-shell material (12C), though a full in-
vestigation is beyond the scope of this work. We compare
our simulations to observed CEMP-no stars from the litera-
ture with measured 12C/13C ratios. While well aware of the
shortcomings in modelling the time-evolution of H-He inter-
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actions in 1D, the CNO ratios shown illustrate that H-He
interactions in massive Pop III stars can display a range of
values for 12C/13C and [C/N], which results in the isotopic
and elemental abundance ratios found in stars believed to be
the second generation of stars. We do not include any con-
tribution from the interstellar medium because pristine Big
Bang abundances would have no effect on C and N isotopic
or elemental ratios.
In the bottom left of Fig. 15, there is a clustering of
points representing the CN equilibrium ratios for conditions
within massive Pop III stars. During a H-He interaction,
when H-burning material moves deeper into the He layer, the
overall [C/N] ratio rises as the mass coordinate of the H-rich
front lowers, as there is simply a much larger mass fraction
of C as compared to the H-shell CNO abundances. Similarly,
the 12C/13C generally increases as the mass coordinate of the
H-rich front lower as there is a high 12C abundance in the
He shell. Both of these general trends are complicated by
the simultaneous mixing and nucleosynthesis taking place
and neither evolve monotonically. This is exemplified by the
40Mled data. A black dotted line is included to Fig. 15 to
guide the eye. Following blue to green points from the ‘early’
point at 12C/13C ∼ 0.5 and [C/N] ∼ −1.7. Shortly after that,
12C increases as the H-burning front moves downward. This
leads to large values for both of these ratios. Then, both
ratios begin to fall creating a loop-like pattern governed by
first the 12C(p, γ) reaction, leading to a lower 12C/13C ratio.
This is followed by 13C(p, γ) which leads to a lower [C/N]
ratio. In the future, these ratios may help to constrain the
duration, depth and timing of H-He interactions, which as
of now, are uncertain parameters.
In some of the cases presented in this work, such as the
40Mled simulation, protons mix down into the He-rich region
where there is a relatively large abundance of C. In this
situation, the 12C(p, γ)13N takes place, 13N is transported
downward to higher temperatures where it decays in the
presence of α particles. Here CNO cycling does not take
place as the timescale for the 13C(α, n)16O reaction is many
orders of magnitude shorter than that of 13C(p, γ), where
there are very few protons at the bottom of the He-shell. In
other cases presented here, the variety in CN ratios relates
to the mixing of protons with large amounts of 12C and 16O,
which boosts CNO activity. In many of our simulations, the
CN ratios are never able to return to equilibrium values and
the points in Fig. 15 show how this mixing and burning can
evolve in time.
5 DISCUSSION
The structural properties of Pop III stars seem to lend them-
selves to H-He interactions. The cause of H-He interactions
has been associated with relatively small temperature gradi-
ents (Limongi & Chieffi 2012) and entropy differences (Heger
& Woosley 2010) between H and He layers in Pop III stars.
Shallow temperature gradients are the result of the higher
temperatures found in H-burning. All other state variables
constant, a higher H-burning temperature would lead to a
higher entropy in the H-burning shell, yet the smaller gradi-
ent in temperature leads to a less stiff boundary. The latter
is also the case for the shallow density gradients found be-
tween H and He layers in Pop III stars. The overall smaller
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Figure 15. C isotopic and CN elemental ratios from observed
CEMP-no stars are shown in black. Data are taken from Beers
et al. 2007, Plez & Cohen 2005,Norris et al. 2013, Norris et al.
2010, Yong et al. 2013, Roederer et al. 2014, Hansen et al. 2015
and Masseron et al. 2010. Blue and green symbols show ratios in
the H-He region or H-shell for models which do not experience
a H-He interaction. Pink and yellow symbols sample abundances
deeper within the region. The choice of data points is described
in the text of Section 4.6 and the calculation for each abundance
is given in Equation 1. The black dotted illustrates one of two
paths taken by the 40Mled case. Simulation data point colours
change as an indication of time with pink and blue being earlier
in a H-He interaction and yellow and green being later. Note that
in some simulations, points at the same time for different depths
can largely overlap. The solar ratios are indicated by .
entropy differences between the two layers are primarily due
to the higher densities in the H envelope, which are orders
of magnitude higher than in solar metallicity massive stars.
All of this is the result of an initial zero metallicity which
results in a hotter, more compact star.
Others have encountered similar H-He interactions in
Pop III and zero metallicity stars. For example, Ekstro¨m
et al. (2008) encounter interactions in models with and with-
out shear mixing, but find it more frequently in those with
shear mixing. A similar result is obtained in this work, in
the sense that more mixing at convective boundaries can
lead to more shell interactions, despite the differing physics
assumptions of rotation in their case, and semiconvection
and/or CBM in our case.
Choplin et al. (2017) explore the nucleosynthesis which
may occur in massive stars of metallicity Z = 10−5. The
authors highlight production of H-burning material in the
form of CNO and elements with Z = 10-13 amplified by the
upward mixing of 12C and other isotopes from the He shell
into the H-burning shell due to rotational mixing. For some
models, an ad hoc enhanced shear diffusion coefficient is used
in order to initiate H-He interactions at specific times. They
than relate [C/N] and 12C/13C to observations. In general
concurrence with our results presented in Section 4.6, they
found that H-He interactions occurring in massive Pop III
stellar models reproduce the CN ratios found in CEMP-no
stars.
Choplin et al. (2017) suggest that the final 12C/13C ratio
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depends on their selected timing of the mixing event relative
to the end of the stars life. This is true if one were to assume
that the star does not eject material with these signatures
prior to Fe-core infall, thus terminating the CNO cycle. In
addition, we also find that the downward mixing of protons
into the He-shell also terminates the CNO cycle. Both of
these effects lead to a variety of CN ratios in our simulations.
Additionally, it appears that secular mixing process such as
rotation (Choplin et al. 2017; Maeder & Meynet 2015), or
semiconvection (this work) cannot simultaneously reproduce
many of 12C/13C and [C/N] ratios observed in CEMP-no
stars.
H-He interactions are less likely in stars of increasing
metallicity than in their zero-metallicity counterparts and
due to both the differences in structure such as a higher
opacity and entropy barrier between the H and He shells,
and H-burning nucleosynthesis. Overall, H-He interactions
become less likely with increasing metallicity. Despite this,
they have been reported in simulations at low-Z and have
been reported in super-AGB stars by Jones et al. (2016) and
massive stars by Ritter et al. (2018).
H-He interactions occur not infrequently in simulations
of massive Pop III stars by Limongi & Chieffi (2012). This
is confirmed by our findings for any given set of parameters.
They also note that differences have been found in results for
H-He interactions from various authors but do not specify
what they are. While we cannot know at this time how much
of these differences are due to different physics or implemen-
tations of stellar physics and numerical methods, our results
show that there are multiple modes of H-He interactions,
and more than one kind can present using the same code
and macro-physics assumptions. In an attempt to explain
the CEMP-no star HE 0107-5240 the same authors report
that H-He interactions lead to C, N, and Na relative to Mg
in ratios consistent with the mixing of protons into He shell
(Limongi et al. 2003)—although the nucleosynthetic process
responsible was not described.
Banerjee et al. (2018) present yields of i-process nucle-
osynthesis from parametrised post-processing calculations
using 20 − 30M stellar evolution models. They focus on
what in this work we call Conv-Shell interactions—where
H is ingested into a convective He shell below. They only
consider stars of > 20M because, as they state, those less
massive will not undergo any ingestion because He shells in
these stars never expand to the base of the H-rich layers.
They also state that at masses > 30M proton ingestion
events will not happen because H has already been depleted
in the shell. We have found that other types of H-He in-
teractions can occur without a convective He shell, but a
convective He region allows for the i process to occur. In
our 140Mledf-h and 40Mschf-h simulations, shown in Fig. 6
and Fig. 10, where H-rich material corrosively burns and de-
scends into a radiative He core and -shell, respectively, the
material is able to descend far enough into the He shell by
the end of the simulation that protons and 12C mix at mass
fractions of ∼ 10−2 and ≈ 0.3, respectively. This can lead to
high H numbers although our simulations do not indicate
that the i process can take place in such scenarios.
In Banerjee et al. (2018) all shell interactions were initi-
ated by hand using ad-hoc diffusion during nucleosynthesis
post-processing. As the authors state, this is done as they
wanted to avoid a splitting of the convection zone. In 1D sim-
ulations the i process may be prevented or suppressed by the
formation of an entropy barrier (Clarkson et al. 2018; Herwig
et al. 2011). At this time it is not clear how such a barrier
would evolve in 3D. Additionally, the stellar evolution sim-
ulations in Banerjee et al. (2018) were post-processed and
do not include the effects of the energy generation due to
the H-He interaction on the 1D model, which is orders of
magnitude greater than in quiescent H-shell burning. This
result has been shown in the present work, and in Clarkson
et al. (2018) for a similar scenario where luminosities can
reach log(L/L) ∼ 13. Inspection of the Kippenhahn dia-
grams shown in Fig. 7 and Fig. 8 for the 40M-led simulation,
shows that the energy generation from nuclear reactions has
a significant effect on the structure of the star for the re-
mainder of the simulation.
Mixing of H-rich material into He cores and shells has
been reported by Yoon et al. (2012) for both rotating and
non-rotating stellar models of 20 − 500M. As in the work
presented here, calculations are terminated for H-He shell
interactions shortly after the onset. They found that models
with shell interaction can produce up to 1000x more 14N in
the H shell as compared to models that do not have a shell
interaction due to upward mixing of CNO catalyst but still
less than those with chemically homogeneous evolution as a
result of rotation. They do not describe the nucleosynthesis
in the He shell as they did not have mixing and burning
equations coupled, and in convective-reactive scenarios, Da
goes to unity. Furthermore, they observe convective H shells
in several models that extend downward and interact with
the He-burning core. They describe two modes of interaction
for H-He core interactions—both of which begin with a de-
scending envelope as we have described in Sec. 4.4 and Sec
4.3. The difference in the two relates to the primary direction
of material during the interaction. In some models, once the
H shell descends, material moves downward into the He core
and in others, material moves primarily upwards into the H
shell boosting the CNO cycle as core convection has turned
off. These reports appear very similar to our Rad-Core and
Conv-Core simulations.
The results from 1D stellar evolution during events of
this nature violate the assumptions of MLT (Jones et al.
2016). One of the issues is the fact that the timescale for
mixing and burning becomes comparable and at the same
large amounts of energy are released that can modify the
convective morphology of the layer. At this point the de-
tails of how these interactions will evolve are unclear and
modelling assumptions must be made. For the case of low-
metallicity, low-mass stars Cristallo et al. (2009) do not alter
the result of stellar evolution simulations that a split in the
convection zone forms. Banerjee et al. (2018) for the case of
massive low or zero metallicity assume in the post-processing
of H ingestion into the He-shell convection zone a continuous
mixing and burning without feedback into the stellar struc-
ture. Herwig et al. (2011) also allowed mixing to continue
past the time where the split of the convection zone would
have occurred, guided by elemental abundance observations
of the post-AGB star Sakurai’s object.
Using 3D hydrodynamical simulations, Herwig et al.
(2014) found that the ingestion and burning of H into the
He-shell convection zone lead early-on to the formation of
an entropy shelf in spherically-averaged profiles in the upper
half of the He-rich convection zone. 3D hydrodynamical sim-
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ulations of a low-Z AGB star by Stancliffe et al. (2011) do not
find a split in the convection one, although they caution this
could be because their simulations were not evolved beyond
4 hr star time. It is not currently clear what the long term
evolution of a H-He interaction is and how may compare in
different stellar environments. Despite this, 3D simulations
suggest that some aspects of these events are recovered in
1D simulations, such as location of H-burning and high en-
ergy generation which leads to Da ∼ 1 (Herwig et al. 2014).
In 3D hydrodynamic simulations, this combustion leads to
a dynamic, non-spherically symmetric response within the
star, that would violate assumptions of MLT, and at least
temporarily, hydrostatic equilibrium (Ibid.). To properly un-
derstand if and how these events unfold and answer ques-
tions about e.g. how the entropy barrier evolves in time for
massive Pop III stars, these events must be simulated in 3D.
6 CONCLUSION
We have investigated the occurrence, variation and types of
H-He interactions in massive Pop III stars with a variety
of masses and mixing assumptions. The unique structural
properties of Pop III stars, which result from their initial
composition, lend themselves to H-He interactions. We have
found that there are four distinct modes of interaction de-
pending on the evolutionary stage and whether or not pro-
tons mix with convective He-burning material. H-He inter-
actions correlate with contractions at the onset of, or during
core He burning, at the beginning of core C burning or at
the beginning of core O burning.
Energy production in these events depends primarily
on the amounts of 12C and protons in the He and H shell
respectively and is dominated by CNO reactions in all sim-
ulations. In Rad-Shell and Conv-Core simulations, the H
number tends to be lower. Later in core He burning, Rad-
Core interactions can take place which are generally more
energetic as higher amounts of C and O mix into the previ-
ously radiative intershell region above the core. This mixing
can also bring Ne and Mg from the core triggering Ne-Na
and Mg-Al cycles, which to our knowledge, has only been
reported in works including rotation. Lastly, Conv-Shell in-
teractions, which have been identified as a possible i-process
site, are typically highly energetic, resulting from more ad-
vanced convective He-shell burning.
We have also found that as a H-He interaction unfolds,
12C/13C and [C/N] ratios can take a wide range of values ow-
ing to both downward mixing of protons and upward mixing
of He-ashes. We have shown that the 12C/13C and [C/N] ra-
tios found in our simulations are consistent with observed
CEMP-no stars, stars believed to carry the chemical signa-
tures of the firsts stars.
The frequency or behaviour of H-He interactions pre-
sented in this paper should not be considered as represen-
tative of the frequency or behaviour in the first stars, as
the 3D hydrodynamic nature of these events is not yet well
understood. We have explored multiple different yet reason-
able mixing prescriptions to better understand the parame-
ter space in which these events occur and how they occur.
This work should serve as a roadmap for future 3D hydro-
dynamic simulations to investigate H-He interactions which
may have taken place in the first generation of stars.
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